ABSTRACT A significant reduction in precipitation in the past decades has been documented over many mountain ranges such as those in central and eastern China. Consistent with the increase of air pollution in these regions, it has been argued that the precipitation trend is linked to the aerosol microphysical effect on suppressing warm rain. Rigorous quantitative investigations on the reasons responsible for the precipitation reduction are lacking. In this study, an improved Weather Research and Forecasting (WRF) Model with online coupled chemistry (WRF-Chem) is applied and simulations are conducted at the convectionpermitting scale to explore the major mechanisms governing changes in precipitation from orographic clouds in the Mt. Hua area in central China. It is found that anthropogenic pollution contributes to a ;40% reduction of precipitation over Mt. Hua during the 1-month summertime period. The reduction is mainly associated with precipitation events associated with valley-mountain circulation and a mesoscale cold-front event. In this paper (Part I), the mechanism leading to a significant reduction for the cases associated with valley-mountain circulation is scrutinized. It is found that the valley breeze is weakened by aerosols as a result of absorbing aerosol-induced warming aloft and cooling near the surface as a result of aerosolradiation interaction (ARI). The weakened valley breeze and the reduced water vapor in the valley due to reduced evapotranspiration as a result of surface cooling significantly reduce the transport of water vapor from the valley to mountain and the relative humidity over the mountain, thus suppressing convection and precipitation in the mountain.
Introduction
Precipitation plays a key role in the hydrological cycle of the earth system. Precipitation over mountain ranges is especially important since it provides the major source of water supply for agriculture and domestic and industrial use. A significant reduction of precipitation has been documented in the past decades over many mountain ranges such as those in the western and eastern United States and central and eastern China (e.g., Givati and Rosenfeld 2004; Rosenfeld et al. 2007; Yang and Gong 2010; Yang et al. 2013a,b) . The long-term reduction trend has been attributed to anthropogenic aerosols upwind of the mountains that suppress rain by reducing droplet size that leads to less efficient conversion of droplets to raindrops (e.g., Givati and Rosenfeld 2004; Rosenfeld et al. 2007; Zubler et al. 2011) .
Aerosols can alter clouds and precipitation through both aerosol-radiation interaction (ARI) and aerosolcloud interaction (ACI), which currently constitute the largest uncertainty in climate forcing and projection (IPCC 2013) . Through ARI, aerosol particles reduce the energy reaching the surface by scattering and absorbing solar radiation. Absorbing aerosols such as black carbon (BC) can also heat the lower-level atmosphere by absorbing sunlight, which may increase atmospheric stability locally and influence the large-scale circulation, convection, and precipitation (e.g., Fan et al. 2008 Fan et al. , 2015 Lau and Kim 2006; Zhang et al. 2009a; Bollasina et al. 2011 Bollasina et al. , 2013 Bond et al. 2013; Grant and van den Heever 2014; Lee et al. 2014) . ACI includes all the effects induced by cloud condensation nuclei (CCN) or ice nuclei (IN) IPCC 2013) . Aerosols can impact precipitation through ACI by 1) producing more cloud droplets of smaller drop size that changes cloud microphysics (Twomey 1977) , 2) releasing latent heat as a result of changes in microphysical processes that modulate cloud dynamics (e.g., Wang 2005; Khain et al. 2005; van den Heever et al. 2006; Tao et al. 2007; Rosenfeld et al. 2008; Fan et al. 2012; Altaratz et al. 2014) , and 3) changing atmospheric stability through radiation feedback from microphysical changes Morrison and Grabowski 2012) .
For orographic clouds and precipitation, many past studies suggested that aerosols could reduce precipitation or change the spatial distribution of precipitation through the CCN effect (Lynn et al. 2007; Saleeby et al. 2009; Rosenfeld et al. 2007; Givati and Rosenfeld 2004; Jirak and Cotton 2006; Muhlbauer and Lohmann 2008; Saleeby et al. 2013; Guo et al. 2014; Xiao et al. 2014) . Through the IN effect, Fan et al. (2014) and Muhlbauer and Lohmann (2009) found increased precipitation through enhanced snow formation. Enhanced orographic precipitation associated with dust particles that serve as IN to enhance ice formation is supported by observations in the western United States (Ault et al. 2011; Creamean et al. 2013) . A majority of past studies on aerosol impacts on orographic precipitation focused on ACI because ARI was not a concern, and also most cases studied previously were wintertime orographic clouds. Absorbing aerosols can significantly change atmospheric stability, convection, and orographic precipitation through ARI (Fan et al. 2015) , but such effect has not been investigated as much as the effect of ACI in the past.
Orographic precipitation is highly impacted by air coming from the upwind area (Levin and Cotton 2009) , which is usually a low-elevation plain with severe air pollution in many locations of China (Guo et al. 2014; Yang and Gong 2010) . A few observational studies found decreasing trends of orographic precipitation that correlate well with the increased air pollution in central and eastern China (e.g., Rosenfeld et al. 2007; Yang and Gong 2010; Yang et al. 2013a,b; Guo et al. 2014) . Different reasons are speculated to explain the decreasing trend of orographic precipitation: Rosenfeld et al. (2007) linked the reduced precipitation at Mt. Hua with microphysical aerosol effect on suppressing rain; Yang and Gong (2010) hypothesized that reduction of wind speed might suppress rainfall in the mountain areas in eastern China by weakening the orographic lifting. Yang et al. (2013a,b) performed further observational analysis at Mt. Hua and corroborated the decreasing trend of precipitation revealed by Rosenfeld et al. (2007) with many more meteorological variables analyzed and further insights gained. They hinted that wind speed changes from aerosol radiative effect may alter the energy transport and further contribute to the precipitation change. Aerosols in the surrounding plain area such as Xi'an are strongly light absorbing (Lee et al. 2007) , and the impact of the highly absorbing aerosols on mountain precipitation is not clear yet.
It is worth noting that these arguments are largely hypothetical and have yet to be rigorously investigated and quantified by model simulations because available measurements to pinpoint the exact mechanisms are very limited. The major factors leading to the decreasing trends of orographic precipitation may vary with locations, cloud dynamics, and other environmental conditions. Given the relatively large number of observation-based studies conducted in the Mt. Hua area Yang et al. 2013a,b) , we have conducted model simulations to investigate the major mechanisms contributing to the suppression of precipitation that was concluded unanimously by those observational studies. The modeling study is carried out on the convection-permitting scale over a large regional domain in central China by real-case simulations with coupled chemistry and aerosols to explore the major mechanisms responsible for the reduced precipitation over the Mt. Hua area.
Methods
Model simulations are conducted using the improved Weather Research and Forecasting (WRF) Model with online coupled chemistry, version 3.4.1 (WRF-Chem v3.4.1), with the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) (Zaveri et al. 2008) and Carbon Bond Mechanism (CBMZ) photochemical mechanism (Zaveri and Peters 1999) . The MOSAIC aerosol scheme uses the sectional approach to represent aerosol size distributions with a number of discrete size bins (four bins in this study) (Fast et al. 2006) . All major aerosol components including sulfate (SO 4 22 ), nitrate (NO 3 2 ), ammonium (NH 4 1 ), BC, organic matter (OM), sea salt, and mineral dust are simulated in the model. Aerosol optical properties such as extinction, single-scattering albedo, and asymmetry factor for scattering are computed as a function of wavelength at each model grid box. Aerosol-radiation interaction is coupled with the Rapid Radiative Transfer Model (RRTM) with GCM applications (RRTMG) (Iacono et al. 2008) for both shortwave (SW) and longwave radiation as implemented by Zhao et al. (2013a) .
Anthropogenic emissions are obtained from the Asian emission inventory described by Zhang et al. (2009b) at 0.58 3 0.58 horizontal resolution for 2006. Biomass burning emissions are obtained from the Global Fire Emissions Database, version 3 (GFEDv3), with a monthly temporal resolution, a 0.58 3 0.58 horizontal resolution (van der Werf et al. 2010) , and a vertical distribution following the injection heights suggested by Dentener et al. (2006) for the Aerosol Comparisons between Observations and Models (AeroCom) project. Dust emissions follow Zhao et al. (2010) , with vertical dust fluxes calculated with the Goddard Chemistry Aerosol Radiation and Transport (GOCART) dust emission scheme (Ginoux et al. 2001) . The emitted dust particles are distributed into the MOSAIC aerosol size bins following a theoretical expression based on the physics of scale-invariant fragmentation of brittle materials derived by Kok (2011) . The main aerosol compositions over the region are sulfate and black carbon from anthropogenic emissions. Biomass burning and dust are not significant emission sources. The simulation using emissions described above is named P_ALL, the base case simulation (Table 1) . To investigate the effects of anthropogenic emissions, a sensitivity test is carried out based on P_ALL, but with anthropogenic emissions scaled by a factor of 0.3 (referred to as ''C_ALL''). The factor was obtained based on the approximate ratio of the SO 2 emissions in the early 1980s in China before the economic development to the current emissions (Bennartz et al. 2011) . To explore the contributions of ARI and ACI, respectively, simulations named P_NORAD and C_NORAD are conducted by turning off ARI based on the same configuration of P_ALL and C_ALL, respectively. The precipitation and convective intensity of C_NORAD is very similar to C_ALL since ARI is small under the clean environment, so only C_ALL is included in most of the results presented.
The simulation is performed at 3 3 3 km 2 horizontal resolution with 420 3 420 grid cells (318-398N, 1048-1158E) and 40 vertical layers up to 50 hPa. The model domain covers a large part of central China (Fig. 1a) and is centered at Guanzhong Plain as shown in Fig. 1b . The meteorological initial and lateral boundary conditions are derived from the National Centers for Environmental Prediction Final Analysis (NCEP FNL) data at 18 horizontal resolution and 6-h temporal intervals. Nesting is not used to avoid the gray zone problems for cumulus parameterizations (Liu et al. 2015; Arakawa and Wu 2013) , so to reduce dynamical shocks near the lateral boundaries transitioning from 18 to 3-km resolution, a large buffering zone is set with 15 grid points at the lateral boundaries. The chemical initial condition is from the default profiles provided by WRF-Chem, which corresponds to a very clean condition, while the chemical boundary condition is provided by a quasi-global WRFChem simulation (Zhao et al. 2013b ). The Yonsei University (YSU) planetary boundary layer scheme (Hong et al. 2006) , Unified Noah land surface scheme (Chen and Dudhia 2001) , Morrison two-moment microphysics scheme (Morrison et al. 2005) , and RRTMG longwave and shortwave radiation schemes (Iacono et al. 2008 ) are used in this study. At the 3-km convection-permitting scale, cumulus cloud parameterization is not needed. The model setup and physical schemes are shown in Table 2 .
The simulations described in Table 1 are run for 27 days during the summer of 2008, starting from 0000 UTC 23 June and ending at 2300 UTC 20 July. Only the data from 0000 UTC 1 July to 2300 UTC 20 July are included in the analysis to allow 7 days of model spinup. We study aerosol effects in the summertime when there are more convective clouds and precipitation associated with the East Asian summer monsoon that influences the study region.
Results and discussion
The P_ALL simulation with the current emissions captures the aerosol optical depth (AOD) values in agreement with the MODIS measurements, especially at the Guanzhong Plain where Xi'an is located and in the Mt. Hua region where this study focuses ( Fig. 2b vs 2a) . The underestimation of AOD around the top-and bottom-left corners of the domain would not affect the Guanzhong Plain and Mt. Hua regions since they are not located upwind and are far away from the study area. The AOD at the Guanzhong Plain is ;0.5, which is not very high (Fig. 2a) . However, the corresponding aerosol number concentrations N a are very high (.8 3 10 9 kg 21 at 500-m height above the surface) ( Fig. 3a) with a large amount of BC ( Fig. 3c ) and large aerosol heating rates (up to 1.8 K day 21 ) as a result of BC heating (Fig. 4b) . In contrast, in the southeast of the domain, we see very high AOD (.0.8) but N a is much lower than that of the Guanzhong Plain. Note that the relationship between AOD and N a is determined by aerosol composition and mixing states and air humidity, suggesting very different environmental conditions and aerosol sources in the Guanzhong Plain compared to the areas in the southeast of the domain. It is also noted that, in the Mt. Hua area, there is a high aerosol number mixing ratio but AOD is low (Figs. 2 and 3 ). Xi'an is located upwind of Mt. Hua during daytime and the aerosol number mixing ratio is always high at Xi'an. But the aerosol number mixing ratio over Mt. Hua is low in the morning and increases gradually throughout the day. The high aerosol number mixing ratio in Mt. Hua seems to be associated with the transport of aerosols by the prevailing wind from the Guanzhong Plain where Xi'an resides. Aerosols that survive the long-distance transport are generally small and/or have low hygroscopicity, so they do not contribute much to AOD, explaining the low AOD there. The very low heating rate of organic carbon (OC) and the stronger heating rate of sulfate compared to OC shown in Fig. 4b are likely because 1) OC emissions are at a minimum in July (Zhang et al. 2009b ) and 2) the heating rate includes sulfate mixing with other compounds such as BC.
We further compare surface radiative fluxes (daily accumulated shortwave radiation) measured at Jinghe, which is about 30 km west of Xi'an ( Fig. 2d ) with the modeled results as shown in Fig. 2d . During the study period, surface shortwave radiative flux simulated for P_ALL agrees well with observations with a correlation coefficient of 0.73, significantly better than C_ALL with a correlation coefficient of 0.59.
P_ALL simulates the average daily precipitation well compared with rain gauge data from stations shown in Fig. 5a with a correlation coefficient of 0.45 (Fig. 5b) . The correlation coefficient between C_ALL and observations is only 0.21, and the precipitation rates at most of the stations are largely overestimated. Although P_ALL slightly overestimates the rain-rate frequency across all rain categories, it agrees with observations much better compared with the clean case (C_ALL) that evidently overestimates rain-rate frequency by 100% generally (Fig. 5c ). Note that both N a and aerosol heating rate in P_ALL are about 3 times larger than those of C_ALL as shown in Figs. 3 and 4. Therefore, C_ALL represents a much cleaner condition relative to P_ALL, though it might still be more polluted than many places in the United States and Europe. Figure 5c shows a significant reduction of the occurrence frequency of all precipitation categories over the large area. Around the Mt. Hua region, there is a 2-6-mm reduction of daily precipitation (;40% reduction on average) in P_ALL compared with C_ALL (marked by a black circle in Fig. 5d ). This is consistent with the long-term decreasing trend of precipitation with the FIG. 4 . Vertical profiles of (a) total aerosol heating rates from P_ALL, C_ALL, and P_NORAD and (b) the respective heating rates from sulfate and its mixture (sulf_mix), dust, OC, and BC in P_ALL. The heating rate is calculated for clear-sky grid points (total water condensate of ,10 26 kg kg 21 ) and averaged over the Guanzhong Plain (i.e., terrain height .550 m over 348-34.58N, 108.58-109.58E).
decrease of visibility in the recent decades observed at stations in Mt. Hua as revealed by Rosenfeld et al. (2007) and Yang et al. (2013a) . In the Xi'an region, however, the precipitation changes are not evident and the sign can be either positive or negative (Fig. 5d) . Therefore, we focus on elucidating the significant reduction of precipitation at the Mt. Hua region, which is corroborated by observations as discussed above and also shown in Fig. 6e . A similar amount of reduction of precipitation in the Mt. Hua area is seen between P_ALL, which considers both ARI and ACI, and P_NORAD in which only ACI is considered (Fig. 5e) , suggesting that ARI is the main contributor to the reduction of precipitation in Mt. Hua. This is further attested by the differences of precipitation between P_NORAD and C_NORAD ( Fig. 5f ), which shows that ACI only slightly enhances precipitation over the Mt. Hua area. Therefore, our modeling results suggest that ACI has a small contribution to the ''observed'' reduction of precipitation in the Mt. Hua area. However, we note that ACI is simulated using the Morrison two-moment microphysics scheme, which may have limitation for representing aerosol indirect effects (Wang et al. 2013; Milbrandt and Yau 2005) . Nevertheless, in a heavily polluted environment especially with strong absorbing aerosols, ARI has been shown to be dominant in the theoretical calculations of Rosenfeld et al. (2008) and a modeling study using a bin cloud model (Fan et al. 2008 ). This study further supports that ARI is dominant in environments with highly absorbing aerosols that are common in South and East Asia. Therefore, uncertainty in modeling ACI should not impact the main findings of this study. It should be noted that it is a challenge in computational cost to conduct similar model simulations using bin cloud microphysics with chemistry over such a large domain for a long time period (;1 month).
To examine how ARI leads to the reduction of precipitation for the summer convective clouds over the Mt. Hua area, we analyze the precipitation for daytime and nighttime, respectively, given that ARI is produced only in daytime and the local circulation between the valley and mountain usually has distinct differences between daytime and nighttime. Daytime is defined as 0800-2000 local standard time (LST) based on positive surface shortwave radiation. To facilitate the discussion of diurnal processes, all the times shown in this paper are in LST. As shown in Fig. 6 , the reduction of precipitation in the Mt. Hua area (black circle) mainly occurs during daytime (Figs. 6a,b) , while at night, the reduction is marginal and a slight increase is seen in some locations of the area (Figs. 6c,d ). The decreasing precipitation in the daytime is consistent with what our model reveals that ARI is the main contributor to the precipitation suppression, as ARI is produced in the daytime through scattering or absorption of solar radiation. The result is also consistent with the long-term observations in Mt.
Hua showing the significant decreasing trend of precipitation in the daytime but not much change in the nighttime (Fig. 6f) . FIG. 6 . For the average daytime precipitation, (a) P_ALL 2 C_ALL and (b) P_ALL 2 P_NORAD during the study time period. (c),(d) As in (a),(b), but for nighttime. (e) The long-term precipitation and visibility trends in Mt. Hua in July and (f) the separated precipitation trends for daytime (red) and nighttime (black) based on (e). The precipitation amount for each year in (e),(f) is the total precipitation summed over the month of July based on 6-hourly data collected at the Mt. Hua observatory station (34848 0 N, 110808 0 E). The visibility is averaged over the month of July based on four observations per day at the Mt. Hua observatory station and has been converted to the equivalent visibility in dry conditions as mentioned in Rosenfeld et al. (2007) . The data for July 1985 have been removed because of an extreme precipitation event on 10 Jul 1985. The observation data are from the global surface weather dataset from the China National Meteorological Information Center (at the time of writing, the data were available at http://www.nmic.gov.cn/web/ channel-8.htm). The gray contours in (a)-(d) are the terrain heights of 400, 550 (boldface), and 1500 m (boldface).
To scrutinize the mechanism for ARI to reduce precipitation during the 20-day analysis time period, similar precipitation events are composited to reveal the common characteristics. The simulations reveal three convective categories for the days when daytime precipitation is significant. Category 1 represents the typical afternoon storm precipitation in Mt Hua that is mainly associated with valley-mountain circulation. This category includes precipitation events on 1, 2, 7, 8, 9, 10, 12, 19, and 20 July and accounts for 41% of the total daytime precipitation in the polluted case (P_ALL) over the analysis time period. Category 2 has a late morning precipitation peak and also an afternoon peak. Although this category only occurred on 4 July, it contributes 43% to the total daytime precipitation in P_ALL. Category 3 represents the cases with very early morning precipitation (i.e., 13, 14, 15, and 17 July), which is usually a continuation of a precipitation event from the previous night. This category contributes only about 16% to the total daytime precipitation in P_ALL. Since the daytime precipitation from the clean to polluted cases does not change significantly for category 3 (Fig. 7c) , it is excluded from the following analysis. The decreased precipitation in very early morning from C_ALL (or P_NORAD) to P_ALL can be contributed by ACI that suppresses warm rain by increasing cloud droplet number concentrations but reducing droplet sizes. As the overall contribution of this effect is very small, our focus will be on categories 1 and 2.
Category 2 only includes one convective system on 4 July, which is a mesoscale cold-front system forming an extratropical cyclone in the front pocket of the westerly trough. The dramatic reduction (5 times more; Fig. 7b ) of precipitation from C_ALL (or P_NORAD) to P_ALL in the Mt. Hua area is associated with changes of the circulation pattern, which will be presented in the forthcoming Part II of the research. Therefore, the remaining part of this paper focuses on how ARI leads to the reduction of precipitation for the category-1 cases (Fig. 7a) , in which ARI suppresses the daytime averaged precipitation by 30%.
For category 1, precipitation mostly occurs in the afternoon. A typical valley breeze develops during daytime and a mountain breeze is seen during nighttime in the analysis period (Figs. 8a,b) . Valley and mountain breezes form through a process similar to sea and land breezes. During the day, solar absorption near the surface of the mountain heats the air more rapidly than air at the same altitude above the valley. Because of this differential heating, a valley breeze develops and converges in the mountain. At night, the process is reversed because heat loss from the surface of the mountain cools the air more rapidly than air above the valley and a nocturnal downslope wind develops that blows from the mountain toward the valley. To explain the daytime precipitation reduction by aerosols, valley breeze will be further analyzed.
We first examine the changes of convective intensity between the polluted and clean cases for category 1. As shown in Fig. 8c , convection over the mountaintop area is evidently suppressed in P_ALL compared with those of C_ALL and P_NORAD, especially for the strong convection. The maximum updraft velocity averaged over the daytime period of all the cases in category 1 over the mountaintop area is 5.3 m s 21 in P_ALL compared to 5.8 m s 21 in C_ALL. The corresponding value for P_NORAD is 5.9 m s 21 (Fig. 8d) . These results suggest that ARI in P_ALL leads to weakened convection over the mountain. As a result of weakened convection, the ice-related processes are suppressed and therefore we see significantly reduced ice-precipitating particles (i.e., snow and graupel) in mass mixing ratios from C_ALL (or P_NORAD) to P_ALL (Table 3 ) and, therefore, the reduced surface precipitation. FIG. 7 . Rain rates during daytime averaged over the Mt. Hua area as marked by the blue box in Fig. 1b for P_ALL, C_ALL, and P_NORAD for categories (a) 1, (b) 2, and (c) 3.
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A significant weakened valley breeze circulation induced by ARI is found for category-1 cases, which can contribute significantly to the weakened convection. Along the wind blowing from the valley to mountain, the cross section figures are plotted to more clearly show the changes of valley breeze by ARI from C_ALL to P_ALL (Figs. 9a-d) . To obtain more representative results, some quantities as shown in Fig. 10 are plotted over the same area as in Figs. 8c and 8d , instead of over the cross sections. Under the clear-sky conditions, aerosols result in a heating layer aloft (at 1.3-3.0-km altitude in the plain) (Figs. 9a,b) . The largest warming is at the altitudes of 1.6-2.2 km (Fig. 9b) ( i.e., at similar altitudes of the mountaintop area), leading to a significantly reduced temperature difference between the mountain and plain at these altitudes during 1100-1400 LST in the polluted case compared to the clean case or the polluted case without ARI, with the largest decrease FIG. 8 . Wind field at 10 m averaged over (a) 1200-1400 and (b) 2300-0100 LST from P_ALL. (c) PDF of updraft velocity during daytime over the Mt. Hua area from C_ALL (black solid), P_ALL (red solid), and P_NORAD (red dashed). (d) The max vertical velocity averaged over the daytime based on the hourly outputs from the three simulations at the Mt. Hua top area. Here, the Mt. Hua top area is identified for the grid points with a terrain height of larger than 1500 m in the domain marked by the blue box in Fig. 1b (i. e., near the mountaintop area). The shaded rectangle marked in (a) shows the cross sections used for plotting Fig. 9 . Plots are for cases of category 1. of ;0.68C on average at 1200 LST (Fig. 10a) . Furthermore, aerosols also cause a strong surface cooling in the valley (Fig. 9b) , which suppresses rising motion in the valley. Therefore, both the reduced temperature difference between the plain and mountain at the higher altitudes and the surface cooling in the valley contribute to an evidently weakened valley breeze under the polluted condition through ARI. The valley breeze wind speeds over the hilly area (defined as the grid points with terrain height between 550 and 1500 m in the blue box domain shown in Fig. 1b ) are reduced by ;0.7 m s 21 (;18%) from C_ALL (or P_NORAD) to P_ALL at 1300 LST averaged over all cases in category 1 (Fig. 10b) , which is statistically significant. As a result, the water vapor transport from the plain to Mt. Hua is much reduced and the water vapor at the mountaintop area is evidently reduced by 3%-4% on average (Figs. 9c and 10d ). Although temperature at the mountaintop area is slightly reduced (Fig. 9b) , which is also associated with aerosol cooling on the mountain surface, the reduction in water vapor dominates over the small cooling, leading to an evident reduction of relative humidity (RH) (Fig. 9d) . Therefore, the much dryer condition along with the reduced surface temperature over the mountaintop area inevitably suppresses convection and precipitation. It is noticed that there is a significant reduction of water vapor at the altitudes of 1.2-2 km in the valley and the water vapor near the surface of the plain is also reduced from the clean to polluted case (Fig. 9c) . Based on the circulation shown as the black arrows in Fig. 9c , the water vapor at the altitudes of 1.2-2 km is not strongly transported to anywhere in the daytime owing to the very low wind speeds. Therefore, the reduction of water vapor there would not significantly contribute to the reduction of water vapor over the mountaintop area. The water vapor near the surface in the plain contributes directly to that over the mountain owing to moisture transport by the valley breeze. The reduction near the surface of the plain is only about 1% (Figs. 9c and 10c ), while the reduction is a couple of times larger over the mountaintop area (Figs. 9c and 10d ), suggesting the significant contribution of the weakened valley breeze to the large reduction of the moisture over the mountaintop area. Since the moisture over the mountaintop area at the times before valley breeze is effective (1100 LST) is reduced as well (Fig. 10d ) and the reduction is at a similar magnitude as that near the surface of the plain (Fig. 10c) , the reduced moisture near the surface of the plain enhances the reduction of the water vapor over the mountain top. The small reduction of water vapor in the planetary boundary layer (PBL) in the plain is contributed by the reduced latent heat flux (LH; about 5%-10%), which is mainly caused by the reduced net surface solar heating and hence less evapotranspiration due to ARI from C_ALL (or P_NORAD) to P_ALL (the black solid line in Fig. 11 denotes the differences between P_ALL and C_ALL and the red solid line is for the differences between P_ALL and P_NORAD). Over the mountaintop area, the reduction of LH and sensible heat flux (SH) is significantly smaller compared with that in the valley (dotted lines of Fig. 11 ) because aerosol concentration is much lower in the mountain, suggesting its small role in contributing to the moisture reduction. Figure 12 schematically summarizes the mechanism leading to the reduced mountain precipitation due to ARI for precipitation events driven by valley-mountain circulation; that is, the strong absorbing properties of aerosols in the valley reduce the temperature differences between the valley and mountain at the elevated altitudes and cool the valley surface evidently, both leading to a weakened valley breeze in the daytime, a major mechanism responsible for the reduced water vapor over the mountaintop area. In addition to the weakened valley breeze, the reduced water vapor near the surface of the valley due to reduced evapotranspiration as a result of surface cooling contributes to the further reduction. The dramatically reduced water vapor and RH over the mountain result in much weakened convection and reduced precipitation by suppressing convection intensity and therefore the ice-precipitating hydrometeor production.
Conclusions
We have conducted model simulations of clouds and precipitation in the Mt. Hua region at the convectionpermitting scale (3 km) for about 1 month during the summer of 2008 by employing the improved chemistry version of the Weather Research and Forecasting Model (WRF-Chem v3.4.1) with the MOSAIC sectional aerosol model. Sensitivity tests with reduced anthropogenic emissions (i.e., the clean condition) and removing aerosol-radiation interaction are conducted to examine how anthropogenic pollution in the Guanzhong Plain impacts precipitation in the downwind Mt. Hua region. We find that anthropogenic pollution in the upwind plain reduces the precipitation in the Mt. Hua region by up to 40% and the reduction mainly occurs in the daytime through aerosol-radiation interaction for summer convective clouds.
Further analyses of the mechanism for aerosolradiation interaction suggest that the major reduction during the analysis period is through its impact on the cloud systems controlled by valley-mountain circulation, which is associated with the most frequent type of precipitation events, and a mesoscale cold-front event.
Here, we present the mechanism revealed by model simulations that leads to the reduced mountainous precipitation through aerosol-radiation interaction for valley breeze-driven precipitation events consistent with the observed daytime precipitation reduction. That is, the strong absorbing properties of aerosols in the valley reduce the temperature differences between the valley and mountain at the elevated altitudes and cool the valley surface evidently, both of which lead to a weakened valley breeze at the daytime. The weakened valley breeze circulation and the reduced water vapor in the valley due to reduced evapotranspiration as a result of surface cooling dramatically reduce the transport of water vapor from the valley to mountain as well as the RH over the mountain, resulting in much weakened convection and reduced precipitation by suppressing convection intensity and therefore the ice-precipitating hydrometeor production.
This study provides a potential mechanism that could partially explain the long-term decreasing trend of precipitation observed in Mt. Hua and other mountainous areas in eastern China as air pollution increases in the recent decades (Yang et al. 2013a,b; Yang and Gong 2010) . Observational data analysis reported in previous studies also showed the decreasing trend of wind speed for wind blowing from the valley to mountain, supporting the mechanism presented here. This study shows how aerosols change the local circulation and impact precipitation significantly through aerosol-radiation interaction for the cases when valley-mountain circulation dominates under relatively weak large-scale and synoptic forcing. Under the condition of strong absorbing polluted conditions, the local circulation change induced by the aerosol radiative effect controls convection and warm-season precipitation. The mechanism presented in the study may be applicable to other mountain areas with orographic precipitation mainly controlled by valley and mountain breezes. For cases with large-scale and synoptic forcing such as in the mesoscale cold-front event on 4 July 2008, the mechanisms for explaining the dramatic reduction of precipitation over Mt. Hua is totally different and reflects rather complicated changes in the large-scale circulation. The detailed analysis will be presented in a follow-on paper.
We hypothesize that how aerosols in the upwind plain area change precipitation over the mountainous region downwind can be dependent on many factors such as geographic locations, topographic features, aerosol properties, and meteorological conditions. Combining with the recent study of Fan et al. (2015) , we show that, at the two locations of China, aerosols modify orographic precipitation in an opposite way but through the same aerosolradiation interactions. At the Longmen Mountain that rises up to the Tibetan Plateau and downwind of a large plain-Sichuan basin (Fan et al. 2015 )-we find that ARI significantly enhances rainfall intensity in the mountain during a flood event with ample moisture supply from upwind regions through ''aerosol-enhanced conditional instability.'' That is, aerosols suppress convection by absorbing solar radiation and increasing atmospheric stability in the large basin during daytime, which allows excess moist air to be transported to the mountainous areas in the evening and orographically lifted to produce much stronger convection and heavier precipitation (Fan et al. 2015) . Aerosol indirect effect (i.e., ACI) might be playing some role in reducing precipitation as suggested in Rosenfeld et al. (2007) and Rosenfeld and Givati (2006) . Since two-moment bulk schemes have limitations in representing aerosol indirect effects-for example, saturation adjustment approach for condensation (Wang et al. 2013 ) and separate size sorting for the number and mass mixing ratios of a hydrometeor (Milbrandt and Yau 2005) -our results on ACI might have large uncertainty. FIG. 12 . Illustration of the mechanism for the weakened valley breeze in the polluted environment (a) with weak aerosol absorption compared with (b) the environment with strong absorption. Because of strong absorbing properties of aerosols in the polluted condition as shown in (b), the temperature is increased at the elevated layer over the valley and reduced at the surface of the mountaintop area compared with (a). Therefore, the temperature differences between the valley and mountain at the altitudes of the mountain peak are reduced [cf. the red dashed line in (b) with that in (a)]. In addition, aerosols in the polluted environment strongly cool the surface temperature in the valley, which weakens the rising motion. Both the reduced temperature differences in the elevated levels and the surface cooling weaken the valley breeze, significantly reducing the transport of water vapor from the valley to mountain. Along with the reduced water vapor near the surface of the valley due to reduced LH as a result of surface cooling, water vapor and RH over the mountaintop area are dramatically reduced, leading to much weakened convection and precipitation.
